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Abstract
Whether membrane lipid photoperoxidation is the immediate cause for lysosomal lysis is still unclear. In this study, we
investigated the direct causal factor of photoinduced lysosomal destabilization in a Kq-containing solution. Methylene blue
 .MB -mediated photodamage caused lysosomal membrane lipid peroxidation and loss of membrane fluidity. Compared with
unirradiated lysosomes, the photodamaged lysosomes significantly lost enzyme latency in an isotonic Kq-containing
solution during a 20-min period of incubation. It indicates an increase in lysosomal Kq permeability. The inward Kq
permeation of photodamaged lysosomes was further proved by a Kq-induced elevation of internal membrane potential. In
addition, the photodamaged lysosomes displayed an increased osmotic sensitivity, showing that MB-mediated photodamage
promotes lysosomal osmotic fragility. Although these photoinduced alterations occurred, the lysosomes were relatively
stable in an isotonic sucrose medium. In contrast, the organelle destabilized in a photodamage-dependent fashion in an
isotonic Kq-containing solution. The results indicate that membrane lipid peroxidation does not definitely destabilize
lysosomes. The direct cause for the lysosomal destabilization is photoinduced osmotic imbalance across its membrane via
an increased Kq uptake, while the increase in osmotic sensitivity favors the destabilization of photodamaged lysosomes.
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1. Introduction
Lysosomes are acidic cellular organelles contain-
ing a variety of hydrolytic enzymes. Since leakage of
w xthe hydrolases may cause cell death 1 , lysosomal
integrity is of the utmost importance for cellular
function and survival. In the basic studies of photody-
 .namic therapy PDT of cancers, the photodestruction
 . YAbbreviations: DiOC 3 , 3,3 -dihexyloxacarbocyanine io-6
dide; DPH, 1,6-diphenyl-1,3,5-hexatriene; MB, methylene blue;
 .MES, 2- N-morpholino ethanesulfonic acid; UMBG, 4-methyl-
umbelliferyl-b-D-galactoside
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of lysosomes has been emphasized as a critical event
w xfor killing tumor cells 2–4 . A number of investiga-
tions demonstrated that lysosomes are main cellular
w xphotodamage site 5,6 . The photoinduced lysosomal
disruption may cause some pathological disorders
w xsuch as cell death and porphyria 7–9 . In addition to
lysosomes-dependent photocytotoxicity, lysoso-
motropic photosensitization is recently suggested as a
new approach for either delivering some drugs or
reducing the pH of cytoplasm which may serve to
augment the effects of a number of cancer treatments
w xsuch as chemotherapy, hyperthermia and PDT 10 .
Apparently, both lysosomal photocytotoxicity and ap-
plications of lysosomotropic photosensitization are
dependent on lysosomal disruption. The important
0005-2736r97r$17.00 Copyright q 1997 Elsevier Science B.V. All rights reserved.
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role of lysosomes in PDT led to continuous investiga-
tions on photodamage-induced lysosomal lysis. In
previous studies, we proposed that lysosomal in-
tegrity can be photodestructed via a loss of proton
w xtranslocation 11 or through the increases in lysoso-
q q w xmal permeability to both K and H 12 .
Active oxygen, either singlet oxygen or hydroxyl
radicals, can cause lysosomal membrane lipid per-
w xoxidation 13–17 . Some investigators proposed that
membrane lipid peroxidation is the immediate cause
w xfor lysosomal destabilization 13,14 , others ques-
w xtioned this point 18,19 . Whether membrane lipid
photoperoxidation is the direct cause for lysosomal
destabilization is still unclear. Under the conditions
of this study, we demonstrated that membrane lipid
peroxidation cannot immediately cause lysosomal
destabilization in an isotonic sucrose medium, even
though the lysosomes displayed an increased osmotic
sensitivity. In contrast, the photodamaged lysosomes
destabilized in an isotonic Kq-containing solution via
an increased Kq uptake.
2. Materials and methods
2.1. Chemicals
 .DiOC 3 , DPH, Hepes, MES, 4-methylumbel-6
liferyl N-acetyl-b-D-glucosaminide and UMBG were
 .from Sigma Chemicals St. Louis, MO . The other
chemicals used were of analytical grade from local
sources. All aqueous solutions were prepared with
deionized, glass-distilled water.
2.2. Preparation of lysosomes
Male Wistar rats starved for 24 h were killed by
decapitation. Rat liver lysosomes were prepared by
w xthe method of Ohkuma et al. 20 . All procedures
were carried out at 0–48C. Lysosomes were resus-
pended in a 0.25 M sucrose medium at a final protein
concentration of 25 mgrml. Protein was determined
w xaccording to Lowry et al. 21 .
2.3. Light exposure procedure
All photoreaction mixtures including control un-
.  .irradiated samples consisted of MB 0.1 mM and
 .lysosomes 22.5 mg proteinrml in 0.25 M sucrose.
Lysosomes were photodamaged with light in the
presence of MB. Incident light was from a RE-
FLECTA slide reflector with a 670 nm filter. The
light intensity at the sample position was 10
mWrcm2. Samples were light-exposed on ice bath.
2.4. Lipid peroxidation measurements
 .Photogenerated lipid hydroperoxides LOOHs , in-
cluding those derived from cholesterol, were deter-
w xmined by iodometric assay 22,23 . At various inter-
vals during irradiation, 0.3 ml control or photodam-
 .aged lysosomal samples 6.75 mg protein were mixed
with 0.2 ml 0.1 mM EDTA solution and extracted
 .with 0.8 ml chloroformrmethanol 2:1, VrV .
Aliquots of 0.3 ml from the organic phase were
evaporated under nitrogen, and the recovered LOOHs
were analyzed iodometrically. A molar extinction of
2.5=104 My1 cmy1 was used for quantitation. The
formation of TBARS during irradiation was deter-
w xmined as described previously 24 . A 50-ml control
or photodamaged lysosomal sample 1.125 mg pro-
.tein was used for the measurement. Absorbance
reading at 532 nm were converted to TBARS values
 .nmolrmg protein , using an extinction coefficient of
1.57=105 My1 cmy1.
2.5. Membrane fluidity measurement
We used the hydrophobic probe DPH to assess
lysosomal membrane fluidity by monitoring the ani-
w xsotropy of its fluorescence 25 . A solution of 2 mM
DPH in tetrahydrofuran was diluted 500 fold by
injection into vigorously stirred PBS buffer 0.1 M,
.pH 7.4 , resulting in a clear medium. For labeling, 2
ml of this medium was incubated with a 50-ml
lysosomal sample at 378C for 30 min. Fluorescence
was measured immediately on a Hitachi 850 fluores-
cence spectrophotometer with excitation and emis-
sion at 350 and 452 nm, respectively. The emission
intensity was detected through an analyzer oriented
 .  .parallel I or perpendicular I to the direction of5 H
polarization of the excitation light. The degree of
fluorescence polarization are calculated by the equa-
 .  .tion: Ps I -I r I q I .5 H 5 H
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2.6. Solute permeability determination
Solute permeability of lysosomes can be assessed
w xby the osmotic protection method 26,27 . The ap-
proach gave a semiquantitative measure of relative
rates of entry of permeant solutes. The incubation
medium contained 0.125 M K SO or 0.25 M su-2 4
crose, buffered at pH 7.0 with 10 mM HepesrKOH.
A 30-ml photodamaged or control lysosomal sample
 .0.675 mg protein was suspended in 1 ml incubation
medium and incubated at 378C for indicated time.
After incubation, a 50-ml portion of this lysosomal
suspension was used for the assay of lysosomal in-
tegrity. Difference in permeability was obtained by
comparing the extent of lysosomal latency loss dur-
ing the period of incubation.
2.7. Assay of lysosomal osmotic sensiti˝ity
w xAccording to the method of Neely et al. 28 , the
osmotic sensitivity of lysosomes was evaluated from
the increase in free enzyme activity occurring be-
tween 0.25 and 0.10 M sucrose. A 30-ml photodam-
aged or control lysosomal sample was suspended in 1
ml sucrose medium and incubated at 378C for 10
min. After incubation, a 50-ml portion of this lysoso-
mal suspension was used for the assay of lysosomal
integrity.
2.8. Assay of lysosomal integrity
Lysosomal integrity was assessed by measuring
w xlysosomal enzyme latency 29 . The activity of lyso-
somal enzymes was measured fluorometrically by the
w xmethod of Bird et al. 30 . b-galactosidase was as-
sayed using UMBG as substrate at a final concentra-
tion of 0.5 mM in the assay medium. b-hexosamini-
dase was assayed using 4-methylumbelliferyl N-
acetyl-b-D-glucosaminide as substrate at a final con-
centration of 2 mM in the assay medium. The liber-
ated 4-methylumbelliferone was determined by mea-
suring the fluorescence excitation: 365 nm, emis-
.sion: 444 nm on a Hitachi 850 fluorescence spectro-
photometer.
The activities of the enzyme measured in the
absence and presence of Triton X-100 are designated
the free activity and the total activity respectively
w x 30 . Percentage free activity was calculated as free
.activityrtotal activity =100. Lysosomal enzyme la-
w tency can be defined as 1- free activityrtotal activ-
.xity =100. Loss of lysosomal integrity was deter-
mined as loss of lysosomal enzyme latency or in-
creased percentage free activity.
2.9. Assay of lysosomal permeability to K q
Lysosomal Kq permeability was assessed by mea-
suring the alteration of membrane potential upon
w xaddition of K SO 31,32 . Membrane potential sen-2 4
 . w xsitive dye DiOC 3 was used 33 . The assay medium6
 .contained 0.25 M sucrose, 3 mM DiOC 3 , buffered6
at pH 6.0 with 10 mM MESrTris. Additions of
lysosomal sample, K SO and valinomycin to the2 4
assay medium are designated in the figure legends.
The fluorescence measurements were conducted at
258C with excitation and emission wavelength of 460
and 510 nm, respectively.
3. Results
3.1. Photodamage causes lysosomal membrane lipid
peroxidation
MB-mediated photodamage caused lysosomal
membrane lipid peroxidation. As shown in Fig. 1, the
productions of lipid peroxides TBARS and LOOHs
follow a similar exposure time course and both ex-
Fig. 1. Lipid peroxidation of lysosomes following MB-mediated
photodamage. MB-sensitized lysosomes were irradiated for indi-
 .cated time. Formations of LOOHs ’, left-hand scale and
 .TBARS v, right-hand scale were determined as described in
Section 2. Values are means"S.D. of 4 measurements.
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Fig. 2. Alteration of lysosomal membrane fluidity following
MB-mediated photodamage. 50 ml lysosomal sample 1.125 mg
.protein treated with MB was irradiated for indicated time, then
 .added to 2 ml PBS pH 7.4 containing 4 mM DPH. After
incubation at 378C for 30 min, fluorescence intensity of the dye
was measured and the degree of fluorescence polarization was
calculated as described in Section 2. Values are means"S.D. of
6 measurements.
hibit a biphasic characteristic. At lower exposure, the
lipid peroxidation increases slowly, showing a rela-
tively light photodamage. When exposure time ex-
ceeds 10 min, the lipid peroxides accumulates rapidly.
Compared with LOOHs, less TBARS were produced
under the same conditions.
3.2. Photodamage decreases lysosomal membrane
fluidity
Membrane lipid peroxidation is generally linked to
the loss of membrane fluidity and increased ion
w xpermeability 34 . Lysosomal membrane fluidity was
measured using DPH, one of the most efficient mem-
brane fluidity probes. This dye can incorporate easily
w xinto the lipid bilayer of biomembrane 25 . The in-
creases in its degree of fluorescence polarization
stand for a loss of membrane fluidity. As shown in
Fig. 2, the fluorescence polarization increases with
light exposure. It indicates that MB-mediated photo-
damage causes a loss in lysosomal membrane fluid-
ity. The loss of membrane fluidity and the production
of lipid peroxides followed a similar exposure time
course, implying a possible correlation between them.
3.3. Photodamage increases lysosomal permeability
to the ions of K SO2 4
Lysosomal solute permeability is usually assessed
w xby the osmotic protection method 26,27 . As shown
in Fig. 3, both control and photodamaged lysosomes
are relatively stable in the isotonic sucrose medium
during a 20-min period of incubation curves 3 and
.4 , indicating that the photodamaged lysosomes still
maintains its impermeability to sucrose. When the
photodamaged lysosomes were incubated in the iso-
tonic K SO medium, the percentage free enzyme2 4
activity significantly increased with incubation com-
Fig. 3. Effects of MB-mediated photodamage on lysosomal per-
meability to sucrose and the ions of K SO . Incubation medium2 4
 .  .contained either 0.25 M sucrose 3,4 or 0.125 M K SO 1,2 ,2 4
both buffered at pH 7.0 with 10 mM HepesrKOH. Procedures of
incubation and assay of enzyme activity as described in Section
 .  .  .2. 1,3 Lysosomes photodamaged for 20 min. 2,4 Control. A
 .Percentage free activity of b-galactosidase. B Percentage free
activity of b-hexosaminidase. Values are means"S.D. of 4
measurements. The significance between the points of 20 min
incubation in curve 3 and 4 was P )0.1.
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 .pared to control lysosomes curves 1 and 2 . It indi-
cates that MB-mediated photodamage increases lyso-
somal permeability toward the ions of K SO . The2 4
osmotic destabilization of photodamaged lysosomes
is presumably due to an increase in the uptake of Kq
via an electroneutral KqrHq exchange andror a
q w xK ranion co-uptake 12 . Similar results were also
obtained when the lysosomes were incubated in an
isotonic Na SO medium for 20 min data not2 4
.shown .
The inward Kq permeation can elevate internal
membrane potential of lysosomes. To establish if
MB-mediated photodamage increases lysosomal Kq
permeability, lysosomal membrane potential was
 .measured using DiOC 3 . As shown in Fig. 4, the6
addition of K SO to photodamaged lysosomal sam-2 4
 .ple causes a larger increase in fluorescence Fig. 4B
 .compare to control lysosomal sample Fig. 4A . In
the assay using this method, an increase of relative
fluorescence of cyanine dye, indicating a less nega-
tive interior, will be observed when Kq are allowed
w xto enter the lysosomes 31,32 . The results indicate
that the larger magnitude of elevated internal poten-
tial of photodamaged lysosomes is due to an in-
Fig. 4. Effects of K SO on the membrane potential of photo-2 4
damaged lysosomes. Assay medium contained 0.25 M sucrose
 .and 3 mM DiOC 3 , buffered at pH 6.0 with 10 mM MESrTris.6
 .At indicated time, 4 ml lysosomal sample 0.09 mg protein , 50
ml 0.75 M K SO and 10 ml 1 mM valinomycin were added to 22 4
ml medium, respectively. Lysosomes were designated as ‘L’.
 .Fluorescence of DiOC 3 was measured at 258C with excitation6
and emission wavelength of 460 and 510 nm, respectively. The
fluorescence intensity is expressed as percentage of its intensity
 .  .  .just before addition of the lysosomes DFrF . A Control. B
Lysosomes photodamaged for 20 min. A typical result out of
three experiments is shown.
Fig. 5. Effects of MB-mediated photodamage on lysosomal os-
motic sensitivity. Incubation medium contained sucrose with
different concentration, buffered at pH 7.0 with 10 mM
 .HepesrKOH. 30 ml lysosomal samples 0.675 mg protein were
incubated in 1 ml medium at 378C for 20 min. After incubation,
50 ml of the suspension was used to determine the enzyme free
 .  .activity. 1 lysosomes photodamaged for 20 min. 2 Control.
 .  .A Percentage free activity of b-galactosidase. B Percentage
free activity of b-hexosaminidase. Values are means"S.D. of 4
measurements.
creased permeability to Kq. The addition of valino-
mycin, an ionophore of Kq, caused additional fluo-
rescence increase, indicating a further enhanced Kq
permeability.
3.4. Photodamage increases lysosomal osmotic sensi-
ti˝ity
To clarify if MB-mediated photodamage increases
lysosomal osmotic fragility, lysosomal osmotic sensi-
w xtivity was assessed 28 . As shown in Fig. 5, the
percentage free enzymes activity increases with de-
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creasing sucrose concentration from 0.25 M to 0.1 M.
 .Compared with control lysosomes curve 2 , the per-
centage free activity of photodamaged lysosomes in-
creased more greatly in the hypotonic sucrose medium
 .curve 1 , demonstrating that the photodamaged lyso-
somes lost its normal ability to resist hypotonic pres-
sure. Since the photodamaged lysosomes still main-
 .tained impermeability to sucrose Fig. 3 , the largely
increased free activity in the hypotonic sucrose was
completely due to a photodamage-promoted osmotic
sensitivity or increased osmotic fragility. The results
indicate that MB-mediated photodamage causes lyso-
somes to become more susceptible to osmotic shock.
Fig. 6. Effects of MB-mediated photodamage on lysosomal in-
 .tegrity. 30 ml lysosomes 0.675 mg protein treated with MB
were irradiated for indicated time, then incubated at 378C for 20
 .min in 1 ml medium containing: 1 0.125 M K SO , buffered at2 4
 .pH 7.0 with 10 mM HepesrKOH; 2 0.25 M sucrose, buffered
at pH 7.0 with 10 mM HepesrKOH. After incubation, lysosomal
 .integrity was assessed as described in Section 2. A Percentage
 .free activity of b-galactosidase. B Percentage free activity of
b-hexosaminidase. Values are means"S.D. of 4 measurements.
3.5. Stability of photodamaged lysosomes depends on
solute permeability
Kq is the most abundant monovalent cation in
cytoplasm. It is of interest to investigate the osmotic
effects of Kq on the photodamaged lysosomes. As
shown in Fig. 6, the photodamaged lysosomes remain
 .stable in the isotonic sucrose medium curve 2 ,
while they lose latency in an exposure time-depen-
dent fashion in the isotonic K SO medium curve2 4
.1 . The results indicate that the osmotic stability of
photodamaged lysosomes depends on solute perme-
ability, and an osmotic stress induced by the in-
creased uptake of Kq destabilizes the photodamaged
lysosomes.
4. Discussion
Lysosomes are a main intracellular photodamage
w xsite 2–10 . Although photoinduced lysosomal disrup-
tion has been extensively investigated, exact mecha-
nism of the lysis is still unclear. In the past years,
most studies focused on lysosomal membrane lipid
peroxidation. Some investigators proposed that mem-
brane lipid peroxidation is the immediate cause of
w xlysosomal destabilization 13,14 ; others questioned
w xthis point 18,19 . The difference is whether lysoso-
mal membrane lipid peroxidation definitely results in
its destabilization. As shown in this study, MB-medi-
ated photodamage caused lysosomal membrane lipid
peroxidation, loss of membrane fluidity and increases
in both Kq permeability and osmotic sensitivity.
Since the photodamaged lysosomes maintained im-
 .permeability to sucrose Fig. 3 , the lysosomes were
 .relatively stable in isotonic sucrose Fig. 6 even
though its osmotic sensitivity increased and mem-
brane lipid peroxidation occurred. It indicates that
membrane lipid peroxidation does not definitely de-
crease lysosomal stability or at least not immediately
cause its destabilization. In contrast, the photodamage
q  .increased lysosomal K permeability Fig. 3 and
promoted its destabilization in an exposure time-de-
pendent fashion in the isotonic Kq-containing solu-
 .tion Fig. 6 . It thus suggests that the lysosomal
destabilization is caused directly by an osmotic im-
balance across its membrane via the increased Kq
uptake, while the photoinduced increase in lysosomal
osmotic sensitivity favors its destabilization. It has
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been pointed out that ion flux across lysosomal mem-
brane must be accompanied by charge-compensating
movements of another ion in order to maintain elec-
w xtroneutrality 35 . In an earlier study, we demon-
strated that MB-mediated photodamage increases
lysosomal permeability to both Kq and Hq. The
enhanced Kq uptake is mainly through an increased
q q w xK rH exchange 12 . Lysosomal permeability to
the solutes of suspending medium is critical for its
w xosmotic stability 29,36 , but previous studies ne-
glected the effects of photodamage on lysosomal
osmotic properties. Apparently, the photodamage-in-
duced increase in lysosomal ion permeability is detri-
mental to lysosomal stability.
w qx  .In mammalian cells, cytoplasmic K 140 mM
w qxis generally more than 10-fold higher than Na
 . w x5–15 mM 37 . The danger of lysosomal osmotic
disruption induced by abnormal entry and accumula-
tion of Kq in lysosomes has been emphasized for a
w xlong time 31,38–41 . The limited lysosomal perme-
q w xability toward K is a barrier for the ion entry 29 .
The destructions of the barrier may cause lysosomal
osmotic lysis. Since membrane lipid peroxidation is
generally linked to the increased ion permeability
w x34 , it is likely that lipid photoperoxidation of lyso-
somal membrane may increase its permeability to
Kq, therefore causing an osmotic imbalance across
the membrane and lysosomal destabilization. As
shown in this study, the photodamaged lysosomes
mainly accumulated LOOHs, the lipid hydro-
peroxides derived from phospholipids and cholesterol
w x34 . In addition, the photodamage increased lysoso-
mal Kq permeability and promoted lysosomal desta-
bilization in the Kq-containing solution. Since the
membrane structures concerning lysosomal ion per-
meability have not been identified to date, it is ex-
tremely difficult to determine which photomodifiable
component of lysosomal membrane is responsible for
the increased Kq permeation. Just as Valenzeno de-
scribed, biological membranes are prone to photo-
modification, but in most cases, which membrane
w xcomponent is the critical target is not known 42 . It
has been demonstrated that cholesterol can decrease
the permeability of phospholipid vesicles to Kq
w x q43,44 . It appears likely that an increase in K
permeability of photodamaged lysosomes might cor-
relate to its membrane lipid peroxidation, but correla-
tions with other structural photomodifications also
possibly exist.
MB-mediated photodamage caused lysosomal
 .membrane lipid peroxidation Fig. 1 . Compared with
LOOHs, less TBARS were produced under the same
conditions. As Girotti pointed out, if Type II singlet
1 .oxygen, O photoperoxidation is monitored by2
iodometric assay, steadily increasing LOOH values
should be observed during the course of irradiation.
TBARS are generally considered to be end-products
 .of Type I free radical photoperoxidation. On theo-
retical grounds, no TBARS should be generated in a
w xpure Type II photoreaction 34 . Since singlet oxygen
is the major reactive oxygen species generated in
w xMB-mediated photosensitization 34,45 , more
LOOHs and less TBARS were measured by the
methods of this study. It is consistent with the de-
scription of Girotti.
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